a t every point in the boundary; and when = 0 a t the boundary, according to (76) this last condition requires th a t (j) ' -const.
Therm al ionization of strontium Saha, F.R.S.-Received 4 March 1940) The theory of thermal ionization of gases was first given by M. N. Saha in a series of papers (1920a, 19206, 1921) and widely applied by him and others to furnish a satisfactory physical theory of stellar spectra. The theory was further developed by Fowler (1923) to include the different excited states of the atom and of' the ionized atom, all of which are simultaneously in thermodynamical equilibrium. At the time when the theory was first formulated the ionization potentials and the spectral characteristics of only a few elements were known, but now we possess almost a complete knowledge of the ionization potentials and the spectra of almost all the elements in their different stages of ionization. Hence a detailed comparison of the theory with experimental results can now be satisfactorily undertaken.
The experimental investigation, however, involves the difficult high temperature technique since very high temperatures are necessary to produce a measurable ionization even in the case of easily ionizable gases. Saha, Sur and Majumdar (1927) showed qualitatively from measurements of electrical conductivity that the alkali metals can be ionized by heating their vapours to about 2000° K. The quantitative verification of the theory was first achieved by I. Langmuir and K. H. Kingdon (1925) for caesium vapour by an ingenious method in which caesium atoms striking the high temperature filament of a thermionic valve became ionized. This method was further utilized by T. J. Killian (1926) for rubidium and potassium, by E. Meyer (1930) for potassium and by N. Morgulis (1934) for sodium. The method is, however, complicated by the adsorption of the atoms or ions on the surface of the filament and the thickness of this coating varies with the temperature of the filament, the pressure of the vapour, etc. Quite a different method has been recently employed by the present author (Srivastava 1940) for investigating the thermal ionization of barium. This method has been found very satisfactory and is being applied in this laboratory to a large number of substances. In the present paper this method has been utilized for studying the thermal ionization of strontium. The demountable vacuum graphite furnace used in these experiments has been described in detail by M. N. Saha and A. N. Tandon (1936) and the internal arrangement employed here has been fully described by the author in the paper on barium. Essentially it consists of a graphite tube heated to about 1600° C by a current of the order of a thousand amperes from a lowtension transformer. This tube has a fine circular hole on one side while on the other side an auxiliary furnace containing solid strontium is fitted gastight into it. This auxiliary furnace was thus heated by conduction and the strontium vapour formed there entered the main furnace where it ionizes into Sr+ ions and electrons. The products of ionization effuse out through the narrow orifice after which they traverse a magnetic field produced by two electromagnets placed on either side. The magnetic field served to show th at the negative current almost wholly consists of electrons while the positive particles are much heavier as is expected. The effusion beam is limited by a diaphragm of radius r placed at a distance d from the effusion hole. Behind the diaphragm is a Faraday cylinder connected to a sensitive galvanometer and suitable positive or negative potentials are applied between the Faraday cylinder and the diaphragm in order to collect the particles of the desired charge.
Theory
Under the conditions it can be shown that the galvanometer current ig is given by the relation epS r2 % a ^l(2m7rJcT)r2
where S is the area of the effusion hole, p and T denote the pressure and temperature of the ions inside the furnace. The equilibrium constant K is therefore given by the relation
If all the pressures are expressed in atmospheres we have
All the quantities occurring in this equation can be experimentally measured or are otherwise known, and hence K can be experimentally determined. Now, according to Fowler's modification (1923) of the ionization formula, we have lnPs^Pe = _ | +| lny + in gj& rm_ 1 n 6( T ) + In 6'( T), (2) where Xi denotes the energy required to ionize the unexcited atom (i.e. the ionization potential for the fundamental state), ge the weight factor of the electron and is equal to 2, and b(T) and b'(T) are given by the relations
Here gi n denotes the weight factor and Xi,n fbe energy of the ionized atom in the nth quantum state. Equation (2) can be written in the form + | log T + log t2"" ;**** + log 2 + log b'(T )~ log 6 (T)
if the pressures are expressed in atmospheres, and the values of the other 23-2 quantities are substituted. U is the energy of ionization of a gram-atom of strontium vapour in calories and is equal to where is the ionization potential of strontium, being equal to 5*667 V, and N is the Avogadro number. Thus U = 130-5 kcal. For calculating b(T) and b'(T) we have to utilize the energy states of Sr and Sr+ and their quantum weights. These are given by Bacher and Goudsmit (1932, pp. 448-55) . A detailed calculation from formulae (3) and (4) shows th at at the temperatures of the experiment the contribution of the excited states is negligible as they are not sufficiently developed on account of the high energy necessary for their excitation, and b(T) = 1-000, b'(T) = 2-000. Using these values in equation (5) we get the theoretical value of log K . These are compared with the value of logZ obtained experimentally from equation (1). I t will be observed that the quantity p Sr,the pressure in the main furnace, occurs in equation (1). There is considerable difficulty in evaluating this quantity. First, due to thermal transpiration this will be different from the vapour pressure of the solid strontium in the auxiliary furnace. As discussed by the author elsewhere (Srivastava 1939) the rela tion connecting these two cannot be exactly determined in this case. For our present purpose we shall assume the full Knudsen effect, i.e.
V\V' = J iT /T '),
where T and T ' denote the temperatures of the main furnace and the aux iliary furnace. The error in log Z due to this cause will, however, be negligible in comparison to the error caused by the possible errors in measuring T. The second difficulty arises from the fact th at there is as yet no experimental determination of the vapour pressure of solid strontium. The only available data regarding the vapour pressure of strontium are those of H artm ann and Schneider (1929) in the liquid region. These have been utilized in the following manner for calculating the vapour pressure of solid strontium. The observed pressures are plotted on a graph in which logp represents the ordinate and 1/T the abscissa. The graph, as expected, is found to be a straight line (figure 1). This is extrapolated to the melting point of strontium for which the most probable value appears to be 1030° K as given by Weibke (I 930)-This gives the value p = 1-23 mm. at 1030°K. The same must be the vapour pressure over solid strontium at 1030° K as the melting point will differ very little from the triple point. This result has been utilized below in two different ways for calculating the vapour pressure of solid strontium at the temperatures prevailing in the experiment.
The first method consists in extending the above curve beyond the melting point by drawing a straight line whose slope is greater than the slope of the previous one by an amount equal to the latent heat of fusion of strontium (figure 1). Unfortunately the data regarding the various properties of strontium are very meagre. The latent heat of fusion of this substance does not appear to have been determined. In the circumstances the only available The only available data regarding the specific heat of solid strontium are those of Dewar (1913) which extend from -253 to -196° C. I t is therefore impossible to evaluate accurately the specific heat integral in (6). The thermal expansion of strontium is also not known. The only available course is to assume that strontium obeys the Debye's formula for specific heat and on that assumption calculate the Debye temperature which will make the observed specific heat agree with Debye's formula. In this way the value 0 = 102 is obtained. This value has been utilized to evaluate the specific heat integral in (6) up to any temperature. Since, however, A0 is also not known, the extrapolated value of logp for the melting point as obtained above was utilized to give A0 in equation (6). The value of A0 thus obtained is 38,500 cal., a value which is quite probable in view of the fact th at the latent heat of vaporization of liquid strontium a t the melting point is 35-2 kcal. (Kelley 1935) . This value of A0 = 38,500 cal. has been utilized in calculating the vapour pressure of solid strontium by means of equation (6). logp, obtained in this way, is recorded in column (4). The mean of the corresponding readings in columns (3) and (4) is taken as the actual vapour pressure and is put in column (5). The small difference between the two sets of readings shows th at the probability of error in the pressure thus calculated is small.
Experimental procedure
First the graphite tube was thoroughly degassed by prolonged inter m ittent heating for several hours after which the currents from the empty tube diminish to a negligible value. I t was thus arranged th at the currents during the experiment were much greater than those in the blank experi ment. After the steady state had been attained in an experiment the currents were measured at 2 V with different currents through the electro magnet and for purposes of calculation the negative and positive currents without magnetic field were employed.
The temperature of the graphite furnace was measured by means of a Siemens' optical pyrometer and was correct to ± 10°. As the temperature of the furnace was not quite uniform the mean temperature of the tube was determined and employed for the purpose of calculation. In view of these uncertainties the slight difference of temperature between the inside and outside of the graphite tube as well as the slight difference between the true temperature and the black-body temperature of the graphite tube have been neglected. The experiments were done with strontium supplied by Merck and the tube was freshly opened. The results obtained are recorded in table 1.
Discussion of results
I t will be observed th at the positive currents are much smaller than the negative currents. This is to be expected since the Sr+ ion being 1*61 x 105 times heavier than the electron, its rate of effusion will be about 400 times slower. The positive and negative currents will, however, not exactly follow this relation since their concentrations inside the furnace are not equal, for electrons are also produced by the graphite tube.
In view of the uncertainty in the determination of T by about 2 % as stated before, it is not proper to compare the value of K obtained experi mentally, since a slight error in T produces a large error in as log K varies as 1 /T .It is, however, reasonable to compare the values of log K, as errors in this quantity will occur to the same percentage as the experimental errors in T. A comparison of the values of log A (column 9, table 1) obtained experimentally at different temperatures shows th a t log A" increases with rise of temperature as demanded by the ionization theory. For the purpose of detailed comparison with the theory we have calculated log K theoretic ally from equation (5) for different temperatures and recorded the values in column (10). A comparison of columns (9) and (10) shows th at the experi mental and theoretical values of log K agree well within the limits of experi mental error. Another way of comparing these experimental results with the ionization theory is to calculate the values of U from the experimentally determined values of log A with the help of equation (5), and see how far they tally with the known spectroscopic value of 130*5 kcal. The experi mentally determined values of U are recorded in column (11) and the difference between this value and the spectroscopic value {Uexv -Uapeob ) is given in column (12). These differences are seen to be well within the limits of experimental error. Thus these experiments fully verify the ionization theory with reference to strontium.
In conclusion I wish to express my sincere thanks to Professor M. N. Saha, F.R.S., for his kind interest in the work. My thanks are also due to the Royal Society of London for a grant which covered the cost of the furnace and its accessories.
In this paper the thermal ionization of strontium vapour has been experi mentally investigated by an apparatus already described by the author elsewhere in his work on barium. Experiments have been carried out a t various temperatures and pressures of strontium vapour and the equi librium concentrations of Sr+ and electrons inside the furnace have been obtained by allowing them to efiFuse out through a narrow opening. From these the equilibrium constant and the energy of ionization have been calculated. The results obtained agree, within the limits of experimental error, with the theory of thermal ionization and the known spectroscopic value of the ionization potential of strontium.
